The octant of the leptonic mixing angle θ23 and the CP phase δCP are the two major unknowns (apart from neutrino mass hierarchy) in neutrino oscillation physics. It is well known that the precise determination of octant and δCP is interlinked through the octant-δCP degeneracy. In this paper we study the proficiency of the DUNE experiment to determine these parameters scrutinizing, in particular, the role played by the antineutrinos, the broadband nature of the beam and the matter effect. It is well known that for Pµe and Pμē the octant-δCP degeneracy occurs at different values of δCP , combination of neutrino and antineutrino runs help to resolve this. However, in regions where neutrinos do not have octant degeneracy adding antineutrino data is expected to decrease the sensitivity because of the degeneracy and reduced statistics. However we find that in case of DUNE baseline, the antineutrino runs help even in parameter space where the antineutrino probabilities suffer from degeneracies. We explore this point in detail and point out that this happens because of the (i) broad-band nature of the beam so that even if there is degeneracy at a particular energy bin, over the whole spectrum the degeneracy may not be there; (ii) the enhanced matter effect due to the comparatively longer baseline which creates an increased tension between the neutrino and the antineutrino probabilities which raises the overall χ 2 in case of combined runs. This feature is more prominent for IH since the antineutrino probabilities in this case are much higher than the neutrino probabilities due to matter effects. The main role of antineutrinos in enhancing CP sensitivity is their ability to remove the octant-δCP degeneracy. However even if one assumes octant to be known the addition of antineutrinos can give enhanced CP sensitivity in some parameter regions due to the tension between the neutrino and antineutrino χ 2 s.
I. INTRODUCTION
The discovery of a non-zero value of the 1-3 leptonic mixing angle θ 13 by the reactor experiments have established the paradigm of oscillations of the neutrinos amongst three flavours on a firm footing. The parameters involved are: two mass squared differences -∆m 2 21 , ∆m 2 31 , three mixing angles θ 12 , θ 23 and θ 13 and the CP violating phase δ CP . Among these ∆m 2 21 and θ 12 are measured by the solar neutrino and the KamLAND reactor neutrino experiments [1] . The information on ∆m 2 31 and θ 23 has come from Super-Kamiokande (SK) [2] atmospheric neutrino data, as well as from the data of the beam based experiments MINOS [3] and T2K [4] . The best-fit values and 3σ ranges of these parameters are given in [5, 6] by analyzing the global neutrino data. The remaining unknown oscillation parameters are (i) the sign of |∆m • corresponding to lower octant (LO) and θ 23 > 45
• corresponding to higher octant (HO) and (iii) the CP violating phase δ CP for which the full range from −180
• < δ CP < 180
• is still allowed at 3σ C.L. [5, 6] . Information on these parameters can come from the currently running superbeam experiments T2K [7] and NOνA [8, 9] . * Email Address: newton@prl.res.in † Email Address: monojit@prl.res.in ‡ Email Address: sruba@prl.res.in However this is possible only for favourable values of parameters. The main problem which these experiments can face is due to parameter degeneracies by which it is meant that same parameters giving equally good fit to the data. With θ 13 unknown, an eight-fold degeneracy was identified which would make the precise determination of parameters difficult [10] . These were intrinsic θ 13 degeneracy [11] , hierarchy-δ CP degeneracy [12] and octant degeneracy [13] . With the precise determination of θ 13 [14] [15] [16] [17] and inclusion of spectral information the intrinsic degeneracy is now solved. However the lack of knowledge of hierarchy, octant and δ CP can still give rise to degenerate solutions which can affect the sensitivities of these experiments towards these parameters [18] [19] [20] [21] [22] .
In this paper our focus is on the determination of the octant of θ 23 and the CP phase δ CP . Currently the most precise measurements of the parameter θ 23 comes from the T2K experiment. The primary channel for this is the survival probability P µµ . For baselines shorter than 1000 km this probability is a function of sin 2 2θ 23 to the leading order and suffers from an intrinsic octant degeneracy which refers to the same value of probability for θ 23 and π/2 − θ 23 . The leading order term of the appearance channel probability P µe depends on the combination sin 2 θ 23 sin 2 2θ 13 . Although this does not exhibit intrinsic octant degeneracy, there can be uncertainties due to the sin 2 θ 13 factor. It was shown in [23, 24] that combining the reactor measurement of θ 13 with the accelerator data will be helpful for extraction of information on octant from this channel. Thus, the precise measurement of θ 13 from the reactor experiments is expected to enhance the octant sensitivity coming from this channel. The combination of the disappearance and appearance channel measurements in long baseline experiments can also be helpful in resolving octant degeneracy because of the different functional dependence of the two probabilities on θ 23 . This creates a synergistic effect so that the octant sensitivity of both channels combined is higher [19, 21, 25] . T2K collaboration has performed a full three flavour analysis using information from both (ν µ − ν µ ) and (ν µ − ν e ) channels. They obtain best-fit sin 2 θ 23 ∼ 0.52 with a preference for NH [7] . MINOS collaboration has also completed their combined analysis of disappearance and appearance data and have also included atmospheric neutrino data in their analysis [3] . They get a best-fit at sin 2 θ 23 = 0.41 for IH. The first NOνA disappearance results with 2.74×10 20 protons on target, give best-fit of sin 2 θ 23 = 0.43 ⊕ 0.60 [9] . The latest analysis of Super Kamiokande atmospheric neutrino data shows a weak preference for NH-HO [26] . Global analysis of neutrino data including all the different information gives the best-fit in LO for NH and in HO for IH [5, 6] . Thus it is clear from the above discussion that at present the situation regarding octant of θ 23 is quite intriguing.
There have been studies on the possibility of determining the octant from combined study of the experiments T2K and NOνA using their full projected exposure [19, 25] . It was observed that the main problem in octant resolution arises due to the unknown value of δ CP in the subleading terms of P µe which gives rise to octant-δ CP degeneracy. Also, the lack of knowledge about hierarchy can create further problem with the occurrence of wrong hierarchy -wrong octant solutions [22] . Recently it was pointed out in [19, 21] that equal neutrino and antineutrino runs can help in resolving octant-δ CP degeneracy. The reason being the octant-δ CP combination suffering from degeneracy in neutrino probabilities are not degenerate for the antineutrino probabilities. It was shown for instance in [19] that combining T2K and NOνA running in equal neutrino and antineutrino mode for 2.5 years each and 3 years each respectively can identify the correct octant at 2σ C.L. irrespective of hierarchy and δ CP if θ 23 ≤ 41
• or ≥ 49.5
• . The degeneracies can also be alleviated if neutrinos pass through large distances in matter so that resonant matter effects develop. This is the case of the atmospheric neutrinos passing through matter. In this case the leading order term in P µe goes as sin 2 θ 23 sin 2 2θ m 13 . However, since at resonance sin 2 2θ m 13 ≈ 1, the octant degeneracy is resolved. Further, the P µµ channel also contains an octant sensitive term sin 4 θ 23 sin 2 2θ m 13 which enhances the sensitivity [27] . Octant sensitivity can also come from the ∆m 2 21 dependent term which gives rise to an excess of sub-GeV electron like events for the atmospheric neutrinos [28, 29] . In addition the antineutrino component in atmospheric neutrino flux can also help in resolving octant ambiguity. It was shown that combined analysis of T2K and NOνA with atmospheric neutrino data can give enhanced octant sensitivity [25] . The effect was found to be larger in multi-megaton water detectors like PINGU [30] or a LArTPC detector, sensitive to both muon and electron events [25] .
The current best-fit value for δ CP is close to −π/2 although at 3σ C.L. the whole range of [0, 2π] remains allowed [5, 6] . The δ CP sensitivity of an experiment is often understood in terms of the CP asymmetry between the neutrinos and antineutrinos.
However the diagnostics used for probing CP violation is the sum total of the χ 2 contribution of the neutrinos and antineutrinos: χ 2 total = χ 2 ν + χ 2 ν which does not show the above dependence [31] . Hence one needs to understand the actual role played by antineutrinos, if any, for determination of CP violation. Indeed one already has a hint for non-zero δ CP from only neutrino runs of T2K and NOνA . Whereas the confirmation of CP violation independently from antineutrino runs in these experiments cannot be undermined, it has already been observed in the case of T2K that unless the parameter space contains octant degeneracy the antineutrinos do not play any role for discovery of CP violation [32, 33] . However for the NOνA experiments antineutrinos seem to be playing some role even when there is no octant degeneracy [32] . In this work, it is one of our goals to understand the role of antineutrinos for enhancing CP sensitivity for the DUNE baseline. In particular we explore whether the antineutrino runs can play any non-trivial contribution to the total χ 2 if octant and hierarchy are assumed to be known and if so then what are the physics issues involved.
The current generation superbeam experiments T2K and NOνA are off-axis experiments using narrow band beams to reduce the backgrounds at the high energy tail. However the future generation high statistics accelerator experiments plan to use on-axis configurations and high intensity wide band beams enabling them to explore oscillations over a larger energy range. The examples for this are the European initiative LBNO and LBNE which was proposed in US using the FermiLab beamline. In 2014 it was proposed to combine these activities in a coherent international long-baseline neutrino program hosted at Fermilab with the detector at the Sanford Underground Research Facility (SURF) in South Dakota. On Jan. 30, 2015 the LBNE collaboration was officially dissolved, the new collaboration selected the name Deep Underground Neutrino Experiment (DUNE). The baseline is 1300 km and the proposed detector is a 40 kt (or 34 kt) modular Liquid Argon Time Projection Chamber (LArTPC) with the first phase being a 10 kt detector. There are several studies of the physics prospects of a 1300 km baseline LArTPC using a wide band beam [34] . In particular octant and/or CP sensitivity of such a set-up has been considered in [35] [36] [37] [38] [39] [40] . In [35] the octant and CP sensitivity reach of a 10 kt LArTPC detector for LBNE combined with T2K and NOνA was studied. In [36] the minimum exposure for DUNE in conjunction with T2K, NOνA and ICAL@INO experiment was computed for giving a octant sensitivity with ∆χ 2 = 25 and a CP sensitivity with ∆χ 2 = 9 for 40% and ∼ 70% coverage of δ CP . In [37] the octant sensitivity of a 10 kt and 35 kt detector was studied with and without the near detector and also the role of precise knowledge of θ 13 coming from reactor experiments, in improving the sensitivities were studied. In [38] octant and CP sensitivity results were presented for a 10 kt detector and effect of including a near detector as well as the role of atmospheric neutrinos were considered. In [39] octant and CP sensitivity of a 35 kt detector, with and without magnetization, was studied. All these papers considered equal neutrino and antineutrino run for the octant sensitivity. Variation of proportion of neutrino and antineutrino run was studied in [36] for only IH and θ 23 = 39
• for octant sensitivity and NH and θ 23 = 51
• for CP sensitivity. This issue was also discussed in [41] for a setup with a baseline of 1540 km where they concluded that for true hierarchy as NH equal neutrino and antineutrino run is better whereas for true hierarchy as IH 30% antineutrino run is optimal. These conclusions were drawn for true θ 23 = 45
• and the results were presented in terms of fraction of δ CP for which a 3σ signal of CP violation can be obtained.
In this work, our main goal to understand the role of antineutrinos for enhancing octant and CP sensitivity for the DUNE baseline. In particular, we study the impact of the broadband nature of the beam and the role of enhanced matter effects as compared to the currently running beam-based experiments T2K and NOνA which have shorter baselines and hence less matter effects. To the best of our knowledge these features have not been emphasized earlier in the literature. In particular, a deeper understanding of the role played by antineutrinos will help in optimizing the amount of antineutrino run. We present the results of the octant sensitivity using different combinations of neutrino-antineutrino run (i) as a function of true δ CP for fixed values of true θ 23 (ii) as a function of true θ 23 for fixed values of true δ CP and (iii) also in the true (θ 23 -δ CP ) plane. These three kinds of plots allow us to study the dependendence of octant-sensitivity on these two parameters in an exhaustive manner. In addition we present the allowed regions in the true-θ 23 -test θ 23 plane for both hierarchies and for true δ CP = ±90
• . These plots give the precision of θ 23 at these values of δ CP . It is worthwhile to mention here that one of the main aims of the DUNE collaboration is to measure the parameter δ CP which underscores the importance of combining neutrino and antineutrino runs. However the main role that the antineutrinos play in the determination of δ CP is the removal of octant degeneracy and thus both issues are intimately connected. To emphasize this point we also present the figures showing the CP discovery potential of DUNE for the cases when octant is assumed to be known and unknown. In particular we explore whether the antineutrino runs can play any non-trivial contribution to the total χ 2 if octant and hierarchy are assumed to be known and if so then what are the physics issues involved. We study how much fraction of antineutrino run is optimum for values of θ 23 in lower and upper octants and in addition to the CP fractions, also show explicitly which are the CP values for which antineutrino run can be important. Note that most of the earlier works in literature have considered equal neutrino and antineutrino run for determination of octant and δ CP in DUNE. We present the the results by varying the antineutrino component in the run. This constitutes another new feature of our study.
The plan of the paper goes as follows: in the next section we give the experimental and simulation details of DUNE that have been taken into consideration. In Section (III) we discuss the physics of the octant and CP sensitivity of the DUNE experiment in detail. In Section (IV) we present our results. Section (IV A) contains the results for octant sensitivity and Section (IV B) is devoted for the discussions on CP sensitivity and role of antineutrinos in DUNE. Finally we summarize and conclude in Section (V).
II. EXPERIMENTAL AND SIMULATION DETAILS
In this paper we have simulated the DUNE experiment using the GLoBES package [42, 43] . In our simulation, we have considered a 10 kt configuration of the detector. This experiment is based on the existing Neutrinos at the Main Injector (NuMI) beamline design and the beam flux peaks at 2.5 GeV. Far detector will be located 4,850 feet underground. One of the options for DUNE is to have an initial beam power of 1.2 MW which will be increased to 2.3 MW later [44] . In our simulation we consider neutrino flux [45] corresponding to 1.2 MW beam power which gives 10 21 protons on target (POT) per year. This corresponds to a proton energy of 120 GeV. In Table I we list the representative values for the neutrino oscillation parameters that we have used in our numerical simulation. These values are consistent with the results obtained from global-fit of world neutrino data. [46] [47] [48] . Systematic errors are taken into account using the method of pulls [49, 50] as outlined in [51] . We have also added 5% prior on sin 2 2θ 13 in our numerical simulation. The systematic errors and efficiencies corresponding to signal and background are taken from [34] . Note that the values of these quantities given in [44] are somewhat different. Using these may change our numerical results to some extent though the main physics issues addressed in this work will not be altered.
III. PHYSICS OF OCTANT SENSITIVITY FOR A 1300 KM BASELINE
The probabilities that are relevant for the DUNE experiment are P µe and P µµ and the corresponding probabilities for the antineutrinos. In presence of matter, the relevant oscillation probabilities can be expanded perturbatively in terms of small parameters α(≡ ∆m ) and θ 13 as follows, [52] [53] [54] 
where,
These expressions are derived assuming constant matter density approximation. Similar expressions for antineutrino probabilities can be obtained by replacing δ CP → −δ CP and V → −V . The '+(−)' sign here represents neutrino (antineutrino). For NH, ∆m 2 31 is positive and for IH, ∆m 2 31 is negative. Hence, in the neutrino oscillation probability A is positive for NH and negative for IH. For antineutrinos, the sign of A gets reversed.
It is clear from the above expressions that to leading order P µµ suffers from intrinsic octant degeneracy between θ 23 and π/2 − θ 23 . P µe does not suffer from intrinsic degeneracy and the octant sensitivity comes mainly from this channel. However since P µe depends on sin 2 θ 23 , the χ 2 is an increasing function of θ 23 for this case and the wrong octant minima from this channel always occurs for 45
• . On the other hand P µµ forces the minima to ∼ π/2 − θ 23 , where the appearance channel has a large octant sensitive contribution.
However although P µe does not suffer from intrinsic degeneracy it is possible to have
where the suffix tr (wr) denotes the true (wrong) values of the parameters. The above equation implies that apart from the true solution one can also get duplicate solutions with right hierarchy -wrong octant -wrong δ CP (RH -WO -Wδ CP ). Note that unlike in the case of P µµ , for P µe one needs to consider the variation of θ 23 over the whole of the opposite octant in order to identify the degenerate solution. Apart from this, if the hierarchy is unknown then one can also have
This corresponds to solutions with wrong hierarchy -wrong octant -wrong δ CP (WH -WO -Wδ CP ). As pointed out in [22] the most generalized case assuming θ 13 as fixed, gives rise to total eight possibilities corresponding to different combinations of right (wrong) hierarchy and/or octant and/or δ CP . From Fig. 1 one can see that for the DUNE baseline degenerate solutions with right-δ CP do not come unlike the case of the experiments T2K and NOνA [22] . This is because due to matter effects the bands for NH and IH are much more well separated and hence the intersection at right δ CP do not occur. In this work we show how the octant sensitivity is affected by the wrong solutions defined in Eqs. 5 and 6. We also discuss how the δ CP sensitivity is affected by the occurrence of wrong octant solutions. We put emphasis on the role of antineutrinos and point out some unexpected behaviour due to matter effects. Fig. 1 describes the oscillation probability in presence of earth matter for L = 1300 km and E = 2 GeV. The bands are due to the variation of θ 23 (see figure caption for details). The neutrino oscillation probability for NH gets significant enhancement in presence of earth's matter as compared to IH as shown in the left panel. It is seen that the maximum probability for NH can become more than 3-times than that of IH. But in the case of antineutrinos the scenario gets reversed as A and δ CP changes their sign, as can be observed in the right panel. This can be understood from Eq. 2 that the O o term is ∆ dependent which enhances the probability value for the given set of oscillation parameters for NH as compared to IH for neutrino and (O 1 , O 2 ) terms are α and α 2 suppressed respectively.
Note that for vacuum oscillation maxima, ∆ corresponds to 90
• . Thus in the appearance channel probability (cf. Eq. 2), δ CP = −90
• (+90 • ) correspond to maximum (minimum) point in the probability for neutrinos. For antineutrinos it is the opposite. Thus, for these values of δ CP , octant sensitivity is expected to be maximum if there is no degeneracy. Note that with the inclusion of matter effect, the appearance channel probability maxima does not coincide with the vacuum maxima and in that case the maximum and minimum points in the probability do not come exactly at ±90
• but gets slightly shifted. This can be seen from Fig 1. However for illustration, we will take δ CP = ±90
• as the reference points to describe the physics of octant in DUNE.
It is to be observed that, if we draw a horizontal line at particular probability value then the different intersection points with the given band lead to different degenerate solutions. The occurrence of octant degeneracies that can be inferred from these plots are summarized in Table II . From the above discussions as well as from earlier studies it is clear that the nature of octant -δ CP degeneracy is different for neutrinos and antineutrinos and therefore combined neutrino-antineutrino run is helpful for resolving the octant degeneracy [19, 21, 35] . Also note that the behaviour of octant-δ CP degeneracy in neutrinos and antineutrinos is same for both NH and IH.
The probability plot as given in Fig. 1 is done for an energy of 2 GeV. However it is possible that because of the broadband nature of the beam the occurrence of degeneracy at a particular energy may not be true over the whole energy range. Thus for DUNE, one can still get some amount of octant sensitivity, even in the degenerate parameter space outlined in Table II , when integrated over all the energy bins.
It is to be noted that Fig. 1 does not demonstrate any hierarchy degeneracy since the two bands corresponding to NH and IH remain non-overlapping. However conclusions drawn at probability level need to be substantiated by a proper χ 2 analysis to determine with what significance the hierarchy degeneracy is actually resolved by DUNE. Therefore we will present the results of octant sensitivity either for both casesright and wrong hierarchy or by marginalizing over the hierarchy.
IV. RESULTS
A. Octant discovery χ 2 for a 10 kt detector
In this section we discuss the octant sensitivity of DUNE for a 10 kt detector volume which is the projected detector volume for DUNE in the first phase. The statistical χ 2 for octant sensitivity is calculated by taking the correct octant in the true spectrum and the wrong octant in the test spectrum in the following formula
where N i is the number of events in the i th energy bin. In Fig. 2 we show the χ 2 for octant discovery which is the combined sensitivity coming from appearance channel, disappear- ance channel and sin 2 2θ 13 prior i.e.,
as a function of true δ CP . We consider the representative true values of θ 23 = 39
• for LO and θ 23 = 51
• for HO. χ 2 is marginalized over test values of θ 23 over opposite octant. We give the plots separately for true and false hierarchy. This shows for what parameters and to what extent the octant sensitivity is affected by the lack of knowledge of hierarchy. Depending on the true parameters, we get four combinations of (hierarchy−octant): NH-LO, NH-HO, IH-LO, IH-HO. For all the plots in the upper row of Fig. 2 , dark-blue curves are for True(NH)-Test(NH) and magenta curves are for True(NH)-Test(IH) while for the lower row dark-blue curves correspond to True(IH)-Test(IH) and magenta curves correspond to True(IH)-Test(NH). Below we discuss the results for each true combination.
• NH-LO (θ true 23
= 39
• ): The figure for true NH-LO shows that for values of δ CP in the lower half plane, a 10 year neutrino run of DUNE can resolve the octant degeneracy at 3σ C.L. The inclusion of antineutrino run helps in enhancing the octant sensitivity for δ CP in LHP (−180
• < δ CP < 0 • ) and θ 23 in LO since the antineutrino probability is devoid of octant degeneracy. Note that in this case though pure neutrino run suffers from octant degeneracy, still we get χ 2 around 10. This is one of the unique features of the broad-band beam where the degeneracy does not exist over the entire energy range and one can still have some octant sensitivity from the neutrino channel. For the UHP (0
• < δ CP < 180 • ) on the other hand the neutrino data gives a better octant sensitivity since antineutrinos are plagued with degeneracies for LO, as shown by the blue curves. However the scenario changes if we assume the hierarchy is not known. In that case the antineutrino run is seen to help to remove wrong hierarchy-wrong octant solutions inspite of having degeneracies, as is seen from the magenta curves. In order to understand this point we have plotted the appearance channel probability vs energy in Fig. 3 . The left panel is for neutrinos and the right panel is for antineutrinos. In the left panel we see that the orange curve(δ CP = +90
• ) is well separated from the dotted blue curve(δ CP = −90
• ) near the oscillation maxima for θ 23 = 39
• . But when marginalized over θ 23 , the dashed blue curve which corresponds to δ CP = −90
• and θ 23 = 51
• , overlaps with the orange curve to give WH-WO-Wδ CP solution 1 . On the other hand in the right panel we see that due the marginalization of θ 23 the dashed blue curve moves far away from the orange curve resolving the degeneracy. Note that if we marginalize over hierarchy then for UHP the minimum will come at the WH solution with only neutrino data and hence octant degeneracy is not resolved at 3σ for 9
• < δ CP < 90
• belonging to the UHP. However with 7+3 years run the octant degeneracy is resolved with a χ 2 > 25 even without the knowledge of the true hierarchy for all values of δ CP . With 5+5 year run in most part of UHP the minima occurs with the RH solution. But for 45
• < δ CP < 115 • , the WH minima is below the one with RH.
• NH-HO (θ 23 = 51
• ) For this case from Fig. 1 it is seen that for (51
• , -90
• , NH) no octant degeneracy prevails at the probability level for neutrinos whereas antineutrinos have octant degeneracy. Also, antineutrinos have less statistics. Thus we expect that only neutrino run should give a better sensitivity. But, we notice from the top right figure of Fig. 2 , that addition of antineutrino gives higher χ 2 value as compared to only neutrino mode [10+0]. In order to understand this feature in the first panel of Fig. 4 we plot the χ 2 vs test δ CP .
The curve for only antineutrinos indeed confirm the occurrence of degeneracies close to δ CP ∼ 90
• . However at that point the neutrino χ 2 is very high. Thus, when the neutrino and antineutrino data are combined the overall minima is governed by the neutrinos and so comes close to the true value of δ CP = −90
• . At this point both neutrinos and antineutrinos have octant sensitive contribution. This is shown in Table III where we illustrate the contributions from the neutrinos and antineutrinos separately for the appearance channel. It is evident that as we increase the antineutrino component the contribution from neutrino channel reduces whereas that from the antineutrino channel increases. Thus although the antineutrino channel has degeneracy the minima does not come at the point of degeneracy as it is governed by the neutrinos. Even then the total χ 2 (= χ
To understand this point we list the contribution from the disappearance χ 2 and it is seen that although for pure neutrino run the disappearance channel does not have any octant sensitive contribution to the total χ 2 for mixed runs this channel also provide some octant sensitivity. This arises because due to matter effects the neutrino and antineutrino probabilities are different and hence the χ 2 minima comes at different places. When one combines neutrino and antineutrino run then this creates a synergy and hence some octant sensitivity arises from the disappearance channel also. Due to this reason when one combines appearance and disappearance channels then addition of antineutrino runs actually gives a slight increase in χ 2 . In the UHP on the other hand the octant sensitivity increases with antineutrino run. This is clear since for P µe the neutrino channel suffers from octant degeneracy whereas the antineutrino channel does not and the addition of antineutrinos help to overcome the degeneracy. To illustrate this point further in the middle panel of Fig. 4 we plot the χ 2 vs test δ CP for true values (51 • , 90 • ). In this case the pure neutrino run gives the minima in the LHP close to δ CP ∼ −45
• whereas pure antineutrino gives minima near the true value. However when we combine neutrino and antineutrino runs then the overall minima comes in between and moves towards the antineutrino minima as theν component is increased. At this point there is octant sensitive contribution from both neutrinos and antineutrinos. Thus the antineutrino data helps in this case by trying to shift the minima away from the degenerate point. We also compare the χ 2 for DUNE with that of T2K, given in parentheses in Table III , to understand the role of broadband beam and enhanced matter effect. It is seen from the last column that for T2K the χ 2 reduces with increasing antineutrinos as is expected. Note that this is in contrast to DUNE due to its broadband nature and enhanced matter effect.
• IH-LO (θ 23 = 39
• ) : In this case for LHP the antineutrino run enhances the sensitivity because they do not suffer from octant degeneracy as can be seen from Table. II. But for the UHP the antineutrino probability has octant degeneracy. Thus again we expect that in UHP adding antineutrino data should reduce the sensitivity. But the figure shows a slight enhancement. This can again be explained by similar reasoning as for the NH, 51
• and −90
• case. There is also the finite contribution from the disappearance channel enhancing the octant sensitivity when the neutrino and antineutrino runs are combined. These combinations of hierarchy−octant can resolve octant degeneracy at 5σ C.L. with [5+5] years of [ν + ν] run for any value of true δ CP as shown in Fig. 2. • IH-HO:(θ 23 = 51
• ) For this case, for δ CP in LHP the octant sensitivity with pure neutrino run is seen to be above χ 2 = 9 in the interval −180
• . Adding antineutrino data helps to raise the χ 2 for octant sensitivity. As before we ask the question how antineutrino data is helpful despite the presence of degeneracies in this channel. This can be explained again similar to the NH-HO case. The third panel of Fig. 4 shows that for pure antineutrinos, there is very small octant sensitivity and the minima comes in the UHP between 90
• and 135
• . However at the point, in the LHP, where the pure neutrino χ 2 is minimum, antineutrino χ 2 has a large non-zero value and for combined runs the minima is still governed by the neutrinos. Thus the contributions from the antineutrinos are also being added up in-spite of having degeneracy. The neutrino and antineutrino contributions from the appearance channel are shown in Table III . It is seen that for IH, because of the enhancement of the antineutrino probability due to matter effect, a large octant sensitive contribution to the χ 2 is obtained. The disappearance channel also gives a small contribution but the contribution from the antineutrino channel is almost comparable or larger than the neutrino channel. It is also to be noted that if hierarchy is not known then for some values of δ CP the minima comes in the wrong hierarchy region for pure neutrino run and the sensitivity is further reduced. Addition of antineutrinos resolves the hierarchy with χ 2 ≥ 25 and so the minima does not occur anymore for wrong hierarchy solution. For the UHP the only neutrino run has very poor sensitivity due to degeneracies with δ CP and addition of antineutrino runs help. The UHP is more favourable for resolution of hierarchy-δ CP degeneracy and even with only neutrino run hierarchy is resolved at 3σ for all values of δ CP . Overall, close to χ 2 = 25 sensitivity is achieved for this combination of hierarchy and θ 23 with 7+3 or 5+5 combination for the whole range of δ CP . For this case also in Table III the T2K χ 2 values are given in parentheses. It is seen from the last column that the overall χ 2 for T2K decreases with enhanced antineutrinos unlike that in DUNE. If one compares the appearance χ 2 values for the antineutrino channel for DUNE and T2K then it is seen that the contribution of this channel for DUNE is quite high and comparable or even greater than the neutrino contribution. This is due to the en- hanced matter effect associated with IH and HO for the longer baseline of DUNE.
After discussing the role of antineutrinos and disappearance channel in octant sensitivity for DUNE, in Fig. 5 we present the octant χ 2 as a function of true θ 23 for maximal CP violation. Depending on if the true hierarchy is NH or IH and true δ CP is ±90
• we get 4 possible combinations. From these figures one can read off the range of θ 23 for which octant can be determined for δ CP = ±90
• at a specified C.L. We see for all the four cases of Fig. 5 that with 7+3 years of (ν +ν) run octant can be determined at 3σ(4σ) for δ CP = ±90
• excepting for the range 41.5
• < θ 23 < 49
. From the figures we also see that 7+3 and 5+5 combinations give almost same sensitivity. However for the pure neutrino run the ranges are different and also vary depending on the true values of δ CP and hierarchy. In Table IV we give the ranges of θ 23 for which octant can be resolved at 3σ and 4σ with pure neutrino run.
So far we have focused on the cases for which either true θ 23 was fixed or true δ CP was fixed. In Fig.6 we give the 3σ exclusion plots in true(θ 23 − δ CP ) plane. We consider all possible true values of δ CP from (−180
• to +180 • ) and θ 23 in lower octant from 35
• − 45
• and higher octant from 45
• − 55
• . This figure shows the role of antineutrino run in the full range of allowed δ CP and θ 23 parameter space. The allowed region for the left (right) panel is the R.H.S (L.H.S) of each curve of the true(θ 23 − δ CP ) plane 2 . We observe by comparing the left and the right panels that DUNE can provide better constraints on θ 23 parameter space in case of LO as compared to HO. For NH-LO the antineutrino run is necessary for the LHP and part of UHP. Only in the range 90
• < δ CP < 135
• the only neutrino run i.e., the [10+0] configuration gives a slightly better sensitivity. On the other hand for NH-HO the antineutrinos play a more prominent role for δ CP in the UHP. For IH-LO the antineutrino run is again important apart from near δ CP ∼ 90
• , for which the improvement in sensitivity by adding antineutrinos is not very significant. For IH-HO the antineutrinos play important role in the full parameter space. Also the exclusion plots show that if true θ 23 lies between (43 • −49 • ) then it is not possible to resolve octant degeneracy at 3σ C.L. by DUNE using 10 kt detector. Overall one can say that antineutrino runs are necessary for most of the parameter region and 7+3 and 5+5 give similar sensitivities. Note that in the context of LBNO 75% -25% (ν − ν) was recommended in [55] .
Finally in Fig. 7 we plot the 3σ precision contours in the true θ 23 -test θ 23 plane for δ CP = ±90
• . These figures reflect the relation between octant degeneracy and precision of θ 23 . The upper panels are for normal hierarchy and the lower panels are for inverted hierarchy. From these plots we see that for pure neutrino run there are other allowed values of θ 23 apart from the true value, if θ 23 ∈ LO (HO) at δ CP = −90
• (+90 . This happens because of the octant degeneracy. As we have already seen, for δ CP = −90
• (+90 • ), neutrinos suffer from octant degeneracy in LO (HO) in both the hierarchies and this in turn affects the precision of θ 23 which is clearly seen from the figures. Adding antineutrinos help to improve the precision and both 7+3 and 5+5 give almost similar precision of θ 23 . But as one approaches the maximal value of θ 23 , the precision becomes worse due to the difficulty in determining the octant around those values of θ 23 .
B. Antineutrinos, Octant Degeneracy and CP discovery potential of DUNE
In this section we present the CP discovery χ 2 of DUNE as a function of true δ CP . CP violation discovery potential of an experiment is defined by its capability of distinguishing a true value of δ CP other than 0
• and 180
• . We present these figures for the case where hierarchy and octant are assumed to be unknown and known. The main aim of this section is to elucidate the role of antineutrinos in discovering δ CP and the interconnection with the octant degeneracy. The figure 8 plots the CP discovery χ 2 as function of true δ CP for the case when hierarchy and octant are assumed to be unknown. From the different panels it is seen that:
• The antineutrino runs play an important role for (i) LO near true δ CP = −90
• and (ii) HO near true δ CP = +90
• . This is true for both NH and IH. Note from Table II that these are the regions where neutrino probabilities exhibit octant degeneracy. Since antineutrino probabilities do not possess this degeneracy, addition of these helps in the removal of the degeneracy and enhancement of CP sensitivity.
• For true hierarchy as NH , +90
• -LO and -90
• -HO do not have octant degeneracy for neutrinos whereas antineutrinos have degeneracy (see Table II ). Even then 7+3 gives almost same result as 10+0 notwithstanding the loss of statistics. In both cases this happens due to tension between the neutrino and antineutrino χ 2 s.
-For +90
• -LO the minima for 10+0 comes at δ CP = 180
• whereas replacing 3 years of neutrino run by antineutrino run shifts the χ 2 min at δ CP = 0
• where the neutrino contribution is higher and thus 7+3 becomes comparable to 10+0.
-For the case of -90
• -HO and neutrinos the CPV χ 2 is a falling function of θ 13 , and the minima comes at 0.109 while for 7+3 it comes at 0.106. The neutrino contribution at sin 2 θ 13 = 0.106 being higher the overall χ 2 for 7+3 becomes greater.
• Similarly, for true hierarchy IH, +90
• -HO are free from octant degeneracy for neutrinos. But still the CP sensitivity for these cases are slightly better for combined neutrino-antineutrino run (for both 7+3 and 5+5 case) as compared to pure neutrino run. This happens because due to matter effects the P µe is higher than P µe for IH (see Fig. 1 ). Thus addition of antineutrinos enhances the appearance χ 2 .
In figure 9 we present the same plots as that of Fig. 8 but assuming the hierarchy and octant to be known.
• Comparing with the plots in Fig. 8 we see that the CP sensitivity for -90
• -LO improves for the 10+0 case, for both the hierarchies. In fact for -90
• -LO-NH, 10+0 gives the best sensitivity if the octant is known. This establishes the fact that, the antineutrino run was instrumental for removing the wrong octant solutions.
• For +90
• -NH-HO although there is some improvement for the 10+0 case as compared to the case of unknown octant, the CP sensitivity of 7+3 and 5+5 are still better than 10+0. This implies that though octant is known, antineutrinos play some role in enhancing the CP sensitivity.
-To understand the above point in more detail in Fig. 10 we plot the CPV discovery χ 2 for different channels vs test θ 23 in the correct octant (since octant is assumed to be known) for a particular value of true δ CP . The top left panel of Fig. 10 shows that, for neutrinos and true value of +90
• -NH-48
• , the CP sensitivity of the appearance channel is an increasing function of test θ 23 . But as the precision of θ 23 (which comes from the disappearance channel) is poor near the maximal value, the combined χ 2 minimum does not occur at the true θ 23 value ( which is θ 23 = 48
• ) but occurs at θ 23 = 45
• .For antineutrinos (top right panel), the nature of the disappearance channel χ 2 is same as that of neutrinos but the appearance χ 2 decreases as test θ 23 increases. Because of this opposite behaviour when antineutrinos are combined with neutrinos, the χ 2 minima shifts to the correct value of θ 23 and the overall CP sensitivity at the true point is enhanced. The poor θ 23 precision of +90
• -HO-NH in neutrinos arise due to the higher matter effect. Due to which the subleading matter terms start to contribute in the disappearance channel which affect the θ 23 precision. Note that this does not happen for −90
• -NH-HO (despite matter is high) because even though the precision of θ 23 is poor near the maximal value of θ 23 for δ CP = −90
• the appearance channel sensitivity is a decreasing function of test θ 23 and this causes the overall minima to occur at the correct value of θ 23 . This can be seen from the right panel of the middle row of Fig. 10 -Also note that for true +90
• -NH 42
• (left panel of middle row of Fig. 10 ), the precision of θ 23 near the maximal value is quite good as compared to θ 23 = 48
• . This is because for lower octant, the denominator in the χ 2 is smaller as compared to that in HO and thus a better θ 23 precision is obtained.
-For true hierarchy IH, even θ 23 = 48
• has a good precision near the maximal value for neutrinos (bottom left panel of Fig. 10 ). This is because for IH the matter effect is less for neutrinos and thus θ 23 precision measurement capability of the disappearance channel is better as can be seen comparing the top and bottom left panels of Fig. 10 . But since the matter effect is more for antineutrinos, the precision of θ 23 for IH and antineutrinos is poor (bottom right panel).
• Similarly for +90
• -HO-IH although the octant is known the antineutrino run gives an enhanced χ 2 . This is due to matter effects in antineutrinos for IH which makes Pμē higher than the corresponding neutrino probabilities (see Fig. 1 ). This increases the appearance χ 2 in presence of antineutrinos. For similar reasons the χ 2 for 7+3 is slightly higher than 10+0 for −90
• -LO-IH
In the first and second panels of figure 11 , we plot the percentage of antineutrino run vs percentage of δ CP values for which CP violated can be discovered at 3σ C.L in DUNE for four cases encompassing both hierarchies and octants. The first (second) panel represent when octant and hierarchy are known (unknown). From both plots it is seen that with dominant antineutrino or neutrino run a lesser CP fraction is reached. Overall 40% antineutrino run seems to be optimum in all cases. Comparing these two plots it is seen that when octant is known then greater percentage of CP fraction can be probed with less antineutrino component. The maximum CP coverage can be achieved for IH-HO and minimum for NH-HO. In the third panel of figure 11 the same is plotted by combining NOνA and T2K with DUNE. From the figure we can see that the percentage of δ CP that can be probed is enhanced in all cases. The curves are now much flatter implying that even with pure neutrino or antineutrino runs considerable CP coverage can be obtained. This is due to the contribution from NOνA and T2K. In figure 12 we show the dependence of percentage of δ CP that can be probed as a function θ 23 . This figure is drawn assuming 60% neutrino and 40% antineutrino run which is the optimal configuration as seen in Fig. 11 . The coverage of δ CP for which CP violation can be discovered at 3σ C.L is better for IH. For NH specially close to 45
• the coverage is less due to the poor precision of θ 23 as discussed earlier.
V. SUMMARY AND CONCLUSIONS
In this paper we perform a detailed investigation of the octant and δ CP sensitivity of the future generation superbeam experiment DUNE which has a baseline of 1300 km. We analyze in detail the physics of the antineutrinos for the DUNE baseline and what kind of synergy can be offered by the addition of antineutrinos to pure neutrino runs. In the context of the long baseline experiments with source-detector distance < 1000 km it is well known that the octant sensitivity comes mainly from the combination of P µe and P µµ channels. For P µe channel the χ 2 is a rising function of θ 23 and consequently the minima in the wrong octant always comes at 45
• . On the other hand P µµ being governed by sin 2 2θ 23 , the minima comes close to π/2 − θ 23 with no octant sensitivity. When both channels are combined then the global minima comes closer to π/2 − θ 23 where the appearance channel contributes a large octant sensitive χ 2 . However the appearance channel is also affected by the occurrence of octant-δ CP degeneracy which can lead to spurious solutions. The nature of this degeneracy is the same for both the hierarchies but has a complementary nature for neutrinos and antineutrinos i.e., the δ CP and octant combination for which there is degeneracy in neutrinos is devoid of this for antineutrinos. The upshot is that the combination of neutrino and antineutrino runs helps to solve this degeneracy. On the other hand the statistics is more for neutrinos. This leads to the question of what is the optimal combination of neutrino and antineutrino run for giving the maximum benefit for octant determination. This issue has been addressed in this work in the context of the DUNE experiment. We also discuss to what extent the broadband nature of the beam and enhanced matter effect influences the octant sensitivity and if any new features emerge as compared to the previous narrow-band off-axis experiments with baseline < 1000 km. We find that for the DUNE baseline addition of antineutrinos are helpful in general. This statement holds true even when there may be some degeneracy associated with the antineutrino channel and one expects the pure neutrino run to give the best results. This occurs because of opposing tendencies of neutrino and antineutrino χ 2 s. We find that whenν is combined with ν then the overall χ 2 minimum is still governed by the neutrinos because of higher statistics. At this point the antineutrino contribution to χ 2 is higher and hence adding these enhances octant sensitivity inspite of the associated octant degeneracy. One should also note that due to the broadband nature of the beam the degeneracy may be limited for few energy bins only. Note that, due to the broad-band nature of the beam, the octant sensitivity coming from pure neutrino run is also quite high at the true values where neutrino probabilities are themselves degenerate. The antineutrino contribution can be more for IH since due to enhanced matter effects the corresponding probabilities can be much higher than the neutrino probabilities. Thus even if the main octant sensitivity comes from the neutrinos, the broad-band nature compounded with the higher matter effect leads to some octant sensitivity coming from antineutrino channels in case of IH. In addition we find that a small octant sensitive contribution comes from the disappearance channel when neutrino and antineutrino runs are combined although pure neutrino or pure antineutrino runs do not have this sensitivity. This happens because, due to matter effect the neutrino and antineutrino probabilities are slightly different and hence the minima comes at slightly different position for each case. When combined, there is a tension between these two which gives rise to a small octant sensitive χ 2 contribution. Note that these features arising due to matter effects have not been highlighted in the literature earlier.
Taking two representative values of θ 23 in the lower octant (39
• ) and higher octant (51 • ) we study the behaviour of χ 2 with δ CP for both NH and IH. We find that for a 10 kt mass of the detector although for some δ CP values (3 − 4)σ sensitivity can be achieved with only neutrino run, overall adding antineutrinos is helpful. For a 7+3 year (ν +ν) run, close to 4σ sensitivity can be achieved over all values of δ CP . It is found that 7+3 and 5+5 do not give significantly different results. We compute the χ 2 as a function of true θ 23 for maximum CP violation. From this study we find that with 7+3 years option octant degeneracy can be resolved at 3σ excepting the range 41.5
• . Increasing the antineutrino component and making runtime 5+5 does not make any discernible difference to the results. Finally we also study the octant sensitivity in the true(θ 23 − δ CP ) plane which checks the validity of the conclusions drawn earlier over the whole parameter range. We find that for 10 kt year mass the antineutrino run enhances the range of θ 23 over which octant sensitivity can be achieved. Including antineutrino runs, octant sensitivity can be obtained at 3σ excepting the range 43
• not only for maximal violation of δ CP but over the whole range. In this case with only neutrino run octant remains undetermined over a large parameter space. We also present the 3σ precision contours in the true θ 23 -test θ 23 plane. These plots show that adding antineutrino runs also help in obtaining improved precision on θ 23 .
We also present results on the CP violation discovery potential of DUNE emphasizing the role played by the antineutrinos. The CP sensitivity of any long-baseline experiment is affected by the occurrence of the wrong-hierarchy-wrong octant-wrong δ CP solutions. Since the antineutrinos help in removing these solutions, one of the main role of the antineutrinos in enhancing CP sensitivity is to remove these wrong solutions. We present results for cases where hierarchy and octant are unknown and known and compare the role of the antineutrinos in both situations. We find that when octant is not known then in parameter spaces where octant degeneracy is manifest the antineutrino component increases CP sensitivity by removing wrong octant solutions. This is the case for instance for LO, δ CP ∼ −90
• and HO, δ CP ∼ +90
• for both hierarchies. However even when the octant is known addition of antineutrinos can improve the result because of the tension between the two χ 2 s which raises the overall χ 2 . The contribution from the antineutrino channel is higher for IH since due to matter effects the antineutrino probability is higher than the corresponding neutrino probability. At δ CP = ±90
• , a greater than 3σ sensitivity is achieved in all cases. We have also explored how addition of antineutrinos affects the fraction of δ CP values for which CP sensitivity can be probed at 3σ level. We find that when octant is known, same sensitivity can be achieved with a lesser fraction of antineutrinos for both hierarchies. The maximum CP fraction is achieved for IH-LO. Overall the best result comes with 60% neutrino and 40% antineutrino runs for all the four cases.
In conclusion, we have explored the role of antineutrinos in enhancing octant and CP sensitivity for a 1300 km experiment with a broad-band beam as is planned by the DUNE collaboration. We emphasize on the importance of antineutrino run in resolving octant ambiguity and increasing CP sensitivity. Although for some specific parameters only neutrino run can give 3σ octant sensitivity for a 10 kt detector mass of DUNE, overall a balanced neutrino-antineutrino run gives better sensitivity. For the case of δ CP discovery also in most of the parameter space antineutrinos play an important role due to synergistic effects between neutrinos and antineutrinos even under the assumption of octant to be known.
